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Research Application Summaries 
Soil and Water Quality 
Ridge, Moldboard, Chisel, and No-Till Effects on 
Tile Water Quality beneath Two Cropping Systems 
R. S. Kanwar, I: S. Colvin, and D. L. Karlen 
Problem 
Literature Summary 
Study Description 
Pesticide and nitrate losses into groundwater aquifers from some soil and crop 
management practices are decreasing the water quality. 
Agricultural chemicals applied on or near the soil surface can be rapidly trans- 
ported to deeper soil depths and into shallow groundwater. One process through 
which this occurs is movement through tile drainage water. The type of tillage 
and cropping system used can influence the amount of these materials that can 
be lost from agricultural fields. However, the effects of these practices, espe- 
cially at the field scale are not well understood. A better understanding of soil 
management practices is therefore needed to protect surface and groundwater 
quality. 
Chemical leaching losses can be minimized by using practices like banding of 
herbicides and multiple N applications to decrease herbicide and nitrate concen- 
trations in the soil water, but it is difficult to control the volume of tile drainage 
water. One exception is that ridge-till and no-till practices can be used to 
increase the amount of crop residue left on the soil surface. This influences 
rainfall partitioning between surface runoff and subsurface drainage, which can 
increase agrichemical movement with subsurface drainage as surface runoff 
would be decreased. 
Ridge-till can increase crop yield on poorly drained soils by creating ridges that 
are warmer and drier than soils that are not tilled. Ridge-till can also have eco- 
nomic advantages because it combines tillage and herbicides to control weeds. 
Comparison between ridge-till and other conservation tillage practices is needed 
to determine the effects of these practices on drainage water quality. The main 
objective for this study was to quantify the effects of four tillage practices in 
continuous com and com-soybean rotations on herbicide and nitrate N loss to 
tile drainage water. 
This study was conducted at Iowa State University’s Northeast Research Center 
near Nashua, on the Kenyon-Clyde-Floyd soil association. The site has 36 1- 
acre plots that have had a subsurface drainage system installed for more than 14 
yr. Tile lines are spaced 95 ft apart at an approximate depth of 4 ft. Each plot 
has tile l i e s  along the edge and one in the middle that has been intercepted and 
connected to an individual sump to measure the volume of water flow. 
Approximately 0.2% of the tile drainage water is collected every time water is 
pumped for nitrate N and herbicide analyses. 
Tillage treatments were fall moldboard plow, fall chisel plow, ridge-till and no- 
till. Continuous-corn and corn-soybean rotations were compared for all tillage 
Full scientific article from which this summary was written begins on page 227 of this issue. 
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Applied Question 
treatments. Crops were planted in 3041-1. rows with a six row planter. Because 
the combine had a 90-in. wheel base, four of every six rows had a wheel track 
during the season. Continuous corn plots received 180 lb N/acre each year, 
while rotated corn received 150 lb N/acre as anhydrous ammonia injected 
between rows. Continuous-corn treatment received alachlor (2.0 lb ailacre) 
plus atrazine (2.5 lb a.i./acre) plus Counter for rootworm control. Corn in the 
corn-soybean rotation received alachlor (2.0 lb ailacre) plus cyanazine (2.5 lb 
a.i./acre) and no insecticide. Soybean plots received alachlor (2.0 lb a.i./acre) 
plus metribuzin (0.4 lb ailacre). All herbicides and insecticides were broadcast. 
Cultivation, even with the no-tillage treatment, was used to help with weed con- 
trol. Drainage water samples were analyzed for alachlor, atrazine, cyanazine, 
, metribuzin, and nitrate N. 
Will adoption of ridge-tillage for continuous corn or corn-soybean rota- 
tions reduce nitrate N and pesticide loss to tile drainage water? 
The years 1988 and 1989 were extremely dry, and the rainfall was well below 
normal. The years 1990 and 1991 were unusually wet, with total rainfall 
amounts of more than 41 and 38 in., respectively. The year 1992 had a dry 
spring and wet fall with a total rainfall of 29.2 in. These rainfall patterns caused 
all tile lines to flow through most of the growing seasons of 1990, 1991, and 
1992. Tile flow had similar relationships among tillage systems in 1991 and 
1992, indicating that tillage systems did not affect the total tile flow volumes. 
Larger tile flows occurred with continuous-corn than with the corn-soybean 
rotation. On the average, no-till and ridge-till systems had the highest peak tile 
flows for most growing season storms regardless of crop. Higher peak tile flows 
under the ridge-till and no-till probably occurred because macropores (worm or 
root holes and natural fractures) are not destroyed or disturbed by primary 
tillage. 
With continuous corn, average subsurface drainage fiom no-till was significant- 
ly higher than from moldboard plow plots, but for the com-soybean rotation, 
tile flows were not statistically different for various tillages. A different macro- 
pore system appears to be operative under each crop rotation and tillage treat- 
ment. Losses of nitrate N were much greater under continuous corn than under 
corn-soybean rotation. In 1991, they ranged fiom 26 to 68 lb/acre, while in 
1990, the highest loss of 96 lblacre was about 50% of the annual amount 
applied. Less nitrate N was lost from the corn-soybean rotation than from con- 
tinuous corn because N application rates were lower and less fkquent and 
yields were higher. Atrazine losses were greater than for cyanazine or 
metribuzin. 
The rapid appearance of atrazine, alachlor, cyanazine, and metribuzin at high 
concentrations in subsurface drainage water shortly after rainfall suggests that 
preferential movement of these herbicides occurred in this silty soil overlaying 
loamy glacial till. Ridge-till and no-till practices, especially with continuous 
corn, appear to preserve a macropore network more than chisel or moldboard 
plowing. We conclude that, to reduce nitrate N and herbicide losses to drainage 
water, ridge-till and no-till practices should be used in combination with 2-yr 
corn-soybean rotation. 
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Soil and Water Quality 
Ridge, Moldboard, Chisel, and No-Till Effects on Tile Water Quality 
beneath Two Cropping Systems 
R. S. Kanwar,* T. S. Colvin, and D. L. Karlen 
Soil conservation tillage systems, including ridge-tillage, 
often reduce surface water contamination by pesticides 
because soil erosion and surface runoff are reduced. However, 
the effects on losses through subsurface drainage tile are some- 
what uncertain. Our field study quantified the effects of four 
tillage practices in continuous corn (Zeu mays L.) and corn-soy- 
bean [Glycine mar (L.) Merr) rotations on herbicide and 
nitrate N losses in tile drainage water. Fertilizer and pesticide 
application methods were uniform for ridge, moldboard, 
chisel, and no-till systems. Pesticide and nitrate N leaching 
losses were significantly affected by crop rotation. Tillage prac- 
tice had little influence on nitrate N and pesticide losses to the 
subsurface drainage water within a corn-soybean rotation. 
However, ridge-till and no-till resulted in larger losses of atra- 
zine than the moldboard plow and chisel based systems under 
continuous corn. Tillage system did not affect the timings of 
peak tile flow occurrences, although peak tile flow volume was 
affected by tillage, presumably because each system bad its 
own macropore system related to preservation or annual de- 
struction of biopores by tillage. Corn yields were significantly 
higher under corn-soybean rotation than with continuous-corn 
for all tillage practices. These results indicate that continuous 
corn production is not an environmentally sustainable practice 
for this area because it resulted in higher nitrate N leaching 
losses to groundwater, received higher N-applications, and 
resulted in lower corn yields than the corn-soybean rotation. 
The results also reinforce the need for studies on chemical 
placement, rate, and timing for various tillage practices to 
reduce tile drainage losses of agricultural chemicals. 
URFACE OR NEAR SURFACE applied chemicals may be S rapidly transported through soil and into shallow 
groundwater (Everts and Kanwar, 1994; Isensee et al., 1988; 
Kanwar et al., 1985, 1988, 1993). This rapid movement of 
chemicals is evidenced by preferential flow of solutes 
R.S. Kanwar, Dep. of Agric. and Biosystems Eng.; T.S. Colvin and D.L. 
Karlen, USDA-ARS National Soil Tilth Lab., Iowa State Univ., Ames, IA 
50011. Iowa Agric. and Home Econ. Exp. Stn. J. Paper no. J-16046. 
Project no. 3003. This research was fimded by the Leopold Cent. for 
Sustainable Agric., Ames, IA, and the USDA-CSRS Project on 
Management Systems Evaluation Areas (MSEA). Received 20 Feb. 1996. 
Torresponding author (rskanwar@iastate.edu). 
Published in J. Prod. Agric. 10:227-234 (1997). 
(Czapar et al., 1994; Kanwar, 1991; Kanwar et al., 1993; 
Everts and Kanwar, 1994). It is generally presumed that 
agricultural chemicals found in groundwater were applied to 
the soil, moved through it, and deposited into aquifers pri- 
marily by mass flow. To develop soil and crop management 
systems that protect groundwater quality, various ground- 
water contamination mechanisms need better understand- 
ing. 
Specific mechanisms for groundwater contamination are 
often unknown because pesticide and N leaching are affect- 
ed by many factors (Spalding et al., 1989; Johnson and 
Kross, 1990; Hallberg, 1989; USGAO, 1991). The amount 
of subsurface drainage is one factor affecting these process- 
es. The local hydrologic balance generally controls this vol- 
ume, although some tillage practices (Kanwar and Baker, 
1993) can minimize chemical leaching losses by decreasing 
herbicide and nitrate N concentrations in the soil water. 
Placement of agrichemicals in soil zones that are favorable 
for root growth and where water does not accumulate may 
also reduce the potential for leaching to groundwater 
(Allmaras et al., 1993; Hamlette et al., 1990; Blaylock and 
Cruse, 1992; Clay et al., 1992, 1994; Lowery et al., 1993). 
Tillage practice and crop sequence can have a major 
impact on surface water and groundwater contamination by 
pesticides and N, but their impact, especially at the field and 
watershed scales, are not thoroughly understood. One factor 
on which tillage has a profound effect is the amount of crop 
residue left on the soil surface. This influences partitioning 
of rainfall between runoff and infiltration and can also affect 
agrichemical movement. 
Various conservation tillage practices, including ridge- 
till and no-till, have been studied to help develop better 
management practices for agrichemicals ( D o h  et al., 1993; 
Weed et al., 1995). No-till generally maintains soil structure, 
while conventional tillage destroys most of the root chan- 
nels and other preferential pathways for movement of water 
and agrichemicals to deeper soil layers. 
Interest in ridge-tillage is increasing because, by control- 
ling the number of continuous macropores which can 
become preferential flow paths, movement of water and 
agrichemicals to deeper soil layers may be reduced. 
Furthermore, by creating ridges that dry more quickly and 
are warmer than if soil is not tilled, crop yield on poorly 
drained soils is often increased. (Reeder, 1992). Ridge-till is 
also more economical than other tillage systems because it 
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combines tillage and herbicides to control weeds (Reeder, 
1992). 
A careful comparison between ridge-till and other con- 
servation tillage practices is needed to determine environ- 
mental benefits at the field scale. For this study, the objec- 
tives were to quantify herbicide and nitrate N losses in tile 
drainage water, crop growth, grain yield, and N accumula- 
tion when four tillage practices were imposed on 1-acre con- 
tinuous corn and corn-soybean rotation plots. 
MATERIALS AND METHODS 
This study was conducted at Iowa State University's 
Northeast Research Center in Nashua. The soils at this site 
are Floyd loam (fine-loamy, mixed, mesic Aquic Haplu- 
dolls), Kenyon silty-clay loam (fine loamy, mixed, mesic 
Aquic Hapludolls), and Readlyn loam (fine-loamy, mixed, 
mesic Aquic Hapludolls). These silty soils are moderately 
well to poorly drained, lie over loamy glacial till (USDA- 
SCS, 1977), have 3 to 4% organic matter, and belong to the 
Kenyon-Clyde-Floyd soil association. Generally, pre- 
Illinoisan glacial till units of 200 ft  in depth overlie a car- 
bonate aquifer used for water supply, but in some areas 
bedrock is almost near the surface. These soils have season- 
ally high water tables that vary from 2 to 5 ft below the sur- 
face, and thus benefit from subsurface drainage. 
The study site has 36 1-acre plots and had consistent 
tillage and cropping practices for 14 yr (Karlen et al., 1991) 
before this study was conducted. Subsurface drainage tile 
were installed about 4 ft deep at 9 5 4  spacing and had also 
been in place for more than 14 yr. Each 1 -acre plot has a tile 
line passing through the middle of the plot and a tile line at 
each of the two borders. Middle tile lines of all the plots 
were intercepted and connected to individual sumps for 
measuring subsurface drainage (tile flow) and collecting 
water samples for chemical analyses. The middle drainage 
tile of each plot drains an area of about 0.5 acre and is free 
from cross contamination from all four sides as this tile 
drains only the middle half of each one acre plot. To moni- 
tor tile flow on a continuous basis, each tile sump has a 110 
volt effluent pump, water flow meter, and an orifice tube to 
collect water samples for water quality analysis. The water 
flow meters were connected to dataloggers for recording tile 
flow data. For water quality sampling, an orifice tube was 
designed to deliver about 0.2% of the tile water into a sam- 
pling bottle each time drainage water was pumped from the 
sump. 
Tillage treatments were moldboard plow, chisel plow, 
ridge-till, and no-till systems. The moldboard plow plots 
were plowed in the fall to a depth of 6 to 8 in., and then 
disked in the spring to a depth of about 4 in. Chisel plow 
plots were chiseled in the fall and cultivated in the spring. 
The ridge-till plots had the top of the ridge removed by the 
planter, but ridges were reestablished at a height of 6 to 8 in. 
during the final cultivation. All tillage systems, including 
no-till, received one or two passes of cultivation for weed 
control and aeration. Crop sequence treatments included 
continuous-corn and corn-soybean rotations. 
Crop rotation, tillage, and chemical application practices 
have been in place since 1977. Corn-soybean rotation and 
continuous corn treatments were replicated three times in a 
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randomized complete block design on 36, 1-acre plots. Both 
the corn and soybean phases of rotation were planted each 
year. Corn hybrids include Pioneer' 3747 in 1985 and 1986, 
Pioneer 3782 in 1987, and Golden Harvest H2343 from 
1988 through 1992. Soybean varieties include Corsoy in 
1977 and 1978, Harcor in 1979 and 1980, Vickery in 1981, 
Corsoy 79 from 1982 through 1986, Elgin in 1987, Hardin 
in 1988, and Sands of Iowa from 1989 through 1992. Crops 
were planted in 30-in. rows with a six row planter. Because 
the combine had a 90-in. wheel base, four of every six rows 
had a wheel track during the season. All crops were culti- 
vated during the season for weed control. Continuous corn 
plots received 180 lb N/acre each year, while corn-soybean 
rotation plots received 150 lb N/acre when corn was plant- 
ed. No N was applied to soybeans. The continuous-corn 
treatment received alachlor (2.0 lb a.i./acre) plus Atrazine 
(2.5 lb a.i./acre) plus Counter (phosphorodithioic acid S- 
[ [ 1,l -dimethylethyl)thio]methyl]O,O-diethyl ester) for root- 
worm control. Corn grown in rotation received alachlor (2.0 
lb a.i./acre) plus cyanazine (2.5 Ib a.i./acre) and no insecti- 
cide. Soybean plots received alachlor (2.0 lb adacre) plus 
Metribuzin (0.4 lb a.i./acre). Anhydrous ammonia was 
knifed-in just before planting. The anhydrous ammonia 
applicator knife was a standard knife about 0.75 to 1 in. 
wide. All herbicides and insecticides were broadcast full- 
width on all tillage plots. 
In addition to composite samples, tile water samples 
fiom all tillage plots were manually collected for nitrate N 
analysis approximately three times per week when tile lines 
were flowing to observe time base variations in the nitrate N 
concentrations. Composite tile water samples for pesticides 
were taken weekly and after every major rainfall (>1 in.) 
within 60 d of pesticide application; during the remainder of 
the year, tile water was sampled weekly for agrichemicals 
when tile lines were flowing. After any major rain storm, 
both nitrate N and pesticide were sampled to understand the 
concepts/characteristics of preferential flow. Water samples 
were refrigerated until analyzed in the lab. Drainage water 
samples were analyzed for alachlor, atrazine, cyanazine, 
metribuzin, and nitrate using GC/MS (gas chromatogra- 
phy/mass spectroscopy) procedures operating in the select- 
ed ion mode. 
Water samples were analyzed for herbicides by adding 
propazine surrogate to a 250-mC sample, then passing the 
sample through an Analytichem International C-18 car- 
tridge', which adsorbs organic compounds, including the 
herbicides of interest. The herbicides and surrogate were 
eluted from cartridge with 2 mL of ethyl acetate that con- 
tained internal standards. The herbicide concentrations in 
the ethyl acetate solution were quantified by mass spectrog- 
raphy. The minimum detection limit for herbicides in water 
samples was 2 ppm (0.2 mgkg) a.i. Water samples were 
spectrophotometrically analyzed for nitrate N using a 
Lachat Model AE ion analyzer' (Lachat Instruments, 
Milwakee, WI). Results were reported in units of mgl L for 
nitrate N. 
Six plants were chosen randomly from each 1 -acre plot at 
physiological maturity or growth stage R6 (Ritchie and 
Trade and company names are used for the benefit of readers and do 
not imply endorsement by the USDA and Iowa State University. 
Hanway, 1984) to determine N accumulation by the corn 
crop; harvested plants were dried at 150°F, weighed, 
chopped, ground to pass a No. 34 (0.02 in. or 0.5-mm) stain- 
less steel screen, and analyzed for total N using a Carlo-Erba 
Model NCS' 1500 (Haake Buchler Instruments, Patterson, 
N.J.) dry combustion analyzer. Total aerial biomass and N 
accumulation were computed based upon measured plant 
population (26 500 plantdacre ). Grain yields for each plot 
were measured with a modified commercial combine. To 
calculate N removal, grain samples in 1992 were ground and 
analyzed for N concentration using the Carlo-Erba in 1992. 
Removal for 1988 through 1991 was estimated by assuming 
the same grain N concentration as in 1992. 
RESULTS AND DISCUSSION 
The years 1988 and 1989 were extremely dry, with rain- 
fall well below the long-term average of 30 in., but 1990 and 
199 1 were unusually wet years, with total rainfall amounts 
of more than 41 and 38 in., respectively. In 1992, spring was 
dry and fall was wet with a total annual rainfall of 29.2 in. 
These rainfall patterns caused all tile lines to flow through 
most of the 1990, 1991, and 1992 growing seasons. More 
preferential flow samples were collected in 1990 (a wet year 
after two dry years), than in either 1991 or 1992. Drier 
weather in 1988 and 1989 may have left a large number of 
root and worm holes intact from previous years as macrop- 
ores in 1990. Soil cracking and shrinkage could also be 
equally important following the drought years of 1988 and 
1989 in causing large volumes of preferential flow in 1990. 
Tile flow had similar relationships among tillage systems 
for all three years. Peak tile flow usually occurred within the 
same day that a major rainfall event occurred, indicating 
preferential movement of water through macropores. 
Bjorneberg et al. (1996) estimated time to peak flow from 
0.5 h to about 6 h after the beginning of a major rainfall for 
this site. Larger tile flows were observed with continuous- 
corn than with a soybean-corn rotation in 1990 (Fig. 1 and 
2). Similar relationships in tile flows were observed in 1991 
and 1992. 
On the average, no-till and ridge-till systems resulted in 
the highest peak flows in tile water for most growing season 
storms regardless of cropping system (Fig. 1 and 2). The 
moldboard plow treatment resulted in the lowest tile peak 
flow, especially in continuous corn. Larger peak flow under 
ridge-till and no-till conditions results when macropores 
(worm or root holes and natural fiactures) are not destroyed 
or disturbed. In solute transport experiments, Singh and 
Kanwar (1991) reported a higher degree of preferential flow 
in no-till soil columns. 
Tillage and corn-soybean rotation affected the volume of 
subsurface draii flow (Table 1). Under continuous corn, the 
yearly average draiiage from no-till plots was significantly 
higher than fiom moldboard plow plots (Table 1). Subsur- 
face draiiage under the corn-soybean rotation, however, 
was comparatively lower than under continuous corn for all 
tillage systems except ridge-till. A different macropore sys- 
tem appears to be operative under each crop rotation and 
tillage treatment. With corn-soybean or soybean-corn rota- 
tions, tillage treatments resulted in different tile drainage 
patterns, but the differences were not large. Plots with corn- 
Table 1. Tillage and crop rotation effects on tile drainage flow, average 
nitrate N concentrations in tile water, and total nitrate N loss witb 
tile water. 
Year Rain (in.) Rotationt CPS MP RT NT 
1990 
1991 
1992 
1990 
1991 
1992 
1990 
1991 
1992 
Avg. 
Avg. 
Avg. 
1990 
1991 
1992 
1990 
1991 
1992 
1990 
1991 
1992 
Avg. 
Avg. 
Avg. 
1990 
1991 
1992 
1990 
1991 
I992 
1990 
1991 
1992 
Avg. 
Avg 
Ava. 
41.3 
38.3 
29.2 
41.3 
38.3 
29.2 
41.3 
38.3 
29.2 
41.3 
38.3 
29.2 
41.3 
38.3 
29.2 
41.3 
38.3 
29.2 
41.3 
38.3 
29.2 
41.3 
38.3 
29.2 
41.3 
38.3 
25.0 
cc 
cc 
cc 
cs 
cs 
cs 
sc 
sc 
sc 
cc 
cc 
cc 
cs 
cs 
cs 
sc 
sc 
sc 
cc 
cc 
cc 
cs 
cs 
cs 
sc 
sc 
sc 
7.2b 
10.7a 
4.6a 
7.5ab. 
7.6a 
7.0a 
6.5a 
7.0a 
6.2a 
12.5a 
2.8a 
7.2a 
Subsurface drainage (in.) 
3.5c 7.5ab 
7.lb 12.7a 
3.9a 3.8a 
4.8b 8.Oab 
5.7a 5.6a 
5.9a 6.3a 
3.8a 5.2a 
5.lb S.7ab 
4.2a 5.4a 
10.6a 10.9a 
3.la 3.5a 
6.0a 6.6a 
10.8a 
9.0a 
5.2a 
9.7a 
6.3a 
7.0a 
2.3a 
5.2ab 
6.7a 
11.3a 
1.9a 
6.6a 
Nitrate N concentrations in drainage water (ppm) 
54b 64a 44c 39c 
28b 34a 21.2 19c 
1 5a 16a 1 la Ila 
32ab 38a 25c 23bc 
28 27 22 23 
21 22 18 17 
10 1 1  10 8 
20ab 20a 17ab 15b 
33b 37a 24c 22c 
15a 1 Sa 12b Ilb 
12a 12a l la  9a 
20b 21ab 16c 14C 
Nitrate N loss with drainage water (lb/acre) 
89a 52a 7Sa 96a 
68a 56a 56a 56a 
17a 17a 1 Oa 18a 
588 42a 49a 57a 
47a 34a 27a 33a 
33a 32a 26a 27a 
15a 9a l l a  4a 
32a 25a 21a 21a 
46a 37a 30a 33a 
41a 38a 29a 29a 
7a Ila 9a 4a 
31a 29a 23a 22a - 
Values followed by the Same letters in the rows are not stgtistically different (SAS, 
t CC = continuous corn; SC = soybean after corn; CS = corn after soybean. 
1985). 
CP = chisel plow; MF' = moldboard plow; RT = ridge-tillage; NT = no-tillage. 
soybean rotations resulted in lower tile water peak flows in 
comparison with continuous-corn production system for all 
tillages (Fig. 1 and 2). Ridge-till and no-till systems gave 
higher subsurface drainage with continuous corn than chis- 
el and moldboard plowing. 
The average daily nitrate N concentrations in tile water 
were influenced by sampling date, tillage, and rotations 
(Fig. 3 and 4). The yearly average nitrate N concentrations 
in tile water from moldboard plow plots were consistently 
higher than with the three other tillage systems for continu- 
ous corn rotation. This could be due to the fact that plowing 
eliminates the macropore structure and infiltration water has 
to pass through soil micropores as matrix flow (rather than 
preferential flow) allowing more time for water to carry soil 
nitrate N down to tile lines (Singh and Kanwar, 1991). Fig. 
3 and 4 show that nitrate N concentrations in tile water from 
no-till plots were lowest, indicating that nitrate N was 
bypassed by preferential flow through macropores. 
(Bjorneberg et al., 1996; Kanwar et al,. 1985; Kanwar, 
1991). 
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Fig. 3. Average daily nitrate N concentrations in tile flows under continuous corn in 1990 as a function of tillage (CP = chisel plow, MP = moldboard 
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Fig. 4. Average daily nitrate N concentrations in tile flows under soybeansorn rotation in 1990 as a function of tillage (CP = chisel plow, MP = mold- 
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board plow, RT = ridge-tillage, NT = netillage). 
The 3-yr (1990 to 1992) average nitrate N concentrations 
in tile drainage water were significantly higher under con- 
tinuous corn than under corn-soybean rotation for all tillage 
treatments (Table 1). This undoubtedly reflects the higher 
rate of N fertilization applied to the continuous corn plots. 
Average nitrate N concentrations in drainage water from the 
moldboard plow plots were significantly higher than from 
the no-till and ridge-till plots under continuous corn. Higher 
nitrate N concentrations in tile water from moldboard 
plowed plots than ridge-tillage or no-tillage treatments may 
have resulted from plowing and disking eliminating the 
macropore structure, resulting in conditions where water 
must pass through the soil profile according to the concepts 
of piston flow (matrix rather than preferential flow) 
(Kanwar, 1991). Lower nitrate N concentrations in tile water 
from no-till plots may have resulted from more water mov- 
ing through macropores than the N fertilizer bound soil 
matrix or that less N was subjected to leaching because N 
mineralization rates may have been less in no-tillage than 
conventional tillage treatments. Of concern was the fact that 
in 1990, nitrate N concentrations in nearly all tile flow sam- 
ples exceeded 10 ppm (the USEPA safe drinking water stan- 
dard; USEPA, 1993) regardless of tillage practice and crop 
sequence. 
Seasonal total nitrate N losses in drainage water ranged 
from 27 to 96 lb/acre for 1990 compared with 4 to 18 lb/acre 
in 1992 (Table 1). Losses of nitrate N were much greater 
under continuous corn than under corn-soybean rotation. 
Losses for 1991 ranged from 26 to 68 lb/acre. The highest 
nitrate N loss of 96 Ib/acre in 1990, about 50% of the 
amount applied, was from no-till plots under continuous 
corn. In 1991, the highest nitrate N loss of 68 Ib/acre was 
observed from chisel plow plots. Although nitrate N con- 
centrations from continuous corn plots were greater under 
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moldboard plow than under no-till, the total nitrate N losses 
through tile drainage water were greater under no-tillage 
and chisel plow systems because of a greater volume of 
water moving through the soil, although differences were 
not significant (Table 1). The nitrate N losses in 1992 were 
much lower than in earlier years because larger nitrate N 
losses were observed in two extremely wet years of 1990 
and 199 1. Statistically, there was no difference of nitrate N 
loss between tillage treatments within rotations. There is a 
large decrease in nitrate N loss when moving from continu- 
ous corn to corn-soybean rotation because N application rate 
on rotated corn was 150 Ib/acre, compared with a 2-yr total 
application of 360 Ib/acre under continuous corn. Uptake of 
residual N following the corn year by soybeans also con- 
tributed to lower losses of N with crop rotation. Also, the 
long-term effects of soil organic matter with rotations have 
to be evaluated for nitrate N leaching and sustainability of 
production systems as there is a possibility of differential N 
mineralization (or immobilization) among different tillages. 
Also, the sources of N in tile water includes soil organic 
matter, rain water, and applied N fertilizer. 
The amount of atrazine losses to subsurface drain water 
were greater (although statistically nonsignificant) than with 
the other herbicide, alachlor, although there was difference 
in their application rates for different crop rotations (Fig. 5). 
Also, no-till and ridge-till had greater atrazine losses under 
continuous corn than moldboard plow and chisel plow sys- 
tems but these differences were not statistically significant. 
Most of this leaching occurred in the first month after her- 
bicide application (Kanwar et al., 1993 a). Weed et al. 
(1995) observed that for all years and tillages, 84% of 
alachlor, 70% of atrazine, and 82% of the metribuzen pre- 
sent in the soil profile were retained in the top 4 in. up to 48 
d after application. This provided opportunity for the pond- 
Atrazine Loss 
a 
Alachlor Loss 
a 
Cyanazine Loss 
a a  
Metribuzin Loss 
a 
Continuous Corn Rotated Corn Rotated Corn Rotated soybeans 
Fig. 5. Average yearly pesticide loss with drainage water under various tillage systems as a function of crop rotations for 3 yr (1990-1992). Same let- 
ter on the top of the bars indicates that tillage effects were not significant (CP = chisel plow, MP = moldboard plow, RT = ridge-tillage, NT = no- 
tillage). 
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Table 2. Tillage and crop rotation effect on aerial biomass accumulation (dry matter in tons per acre) and corn grain yield (bushels per acre at 15.5% 
water content) at Nashua for 1988, 1989,1990, 1991, and 1992. 
Rotationt 
cc 
cc 
cc 
cc 
cs 
cs 
cs 
cs 
Factor 
Interaction 
Rotation 
Tillage 
cv (%) 
Tillagef 
CP 
NT 
MP 
RT 
CP 
NT 
MP 
RT 
Biomass at maturity (R6). tondacre Corn grain yield, bdacre 
1988 1989 1990 1991 1992 Avg. 
5.4 6.6 9.4 7.9 8.6 7.6 
4.1 6.6 8.4 6.4 8.0 6.7 
4.8 6.6 8.9 7.6 9.1 7.4 
4.5 6.6 8.6 7.8 8.3 7.0 
5.7 7.6 9.7 7.2 9.3 7.9 
4.8 7.5 8.7 7.3 8.4 7.1 
5.0 6.6 9.1 8.6 9.5 7.8 
5.3 7.4 8.2 7.8 8.3 7.4 
ns ns ns ns ns ns 
ns ns ns n.9 0.3' ns 
ns ns ns 0.8' 0.8** 0.4.; 
14 11  1 1  8 6 IO 
1988 1989 1990 1991 1992 Avg. 
89 115 177 I40 146 133 
73 101 149 117 139 116 
86 97 182 147 151 133 
74 I06 169 127 143 123 
112 121 181 158 163 146 
98 135 I79 I43 160 143 
98 118 177 152 157 I40 
92 135 172 I47 159 I42 
ns 9** 6'. 10. ns 4" 
13. 8** n.9 15. 7.1 3** 
9** 7** 4** 7 ns 3** 
8 4 2 4 4 4 
*, **, ns = LSD and level of significance 0.05, 0.01, and not significant, respectively. 
t CC = continuous corn; SC = soybean after corn; CS = corn after soybean. 
1 CP = chisel plow; MP = moldboard plow; RT = ridge-tillage; NT = no-tillage. 
Table 3. Tillage and cropping system effect on aerial N accumulation 
from 1988 through 1992. 
Whole plant N accumulation, Ib/acre 
Rotationt Tillaget 1988 1989 1990 1991 1992 Avp. 
cc 
cc 
cc 
cc 
cs 
cs 
cs 
cs 
Factors 
Interaction 
Rotation 
Tillage 
CV(%) 
CP 
NT 
MP 
RT 
CP 
NT 
MP 
RT 
126 
96 
112 
113 
128 
116 
1 IO 
112 
ns 
ns 
24 
ns 
109 
123 
140 
96 
101 
105 
107 
97 
ns 
ns 
17' 
12 
133 
118 
119 
107 
131 
106 
108 
94 
ns 
ns 
n.9 
17 
167 147 
112 132 
163 160 
170 128 
160 178 
142 131 
208 186 
180 160 
ns ns 
ns I1s 
20.' ns 
10 19 
137 
116 
139 
123 
140 
121 
141 
129 
n.9 
ns 
12" 
17 
*, **, 11s = LSD and level of significance 0.05,0.01, and not significant, respectively. 
t CC = continuous corn; CS = corn after soybean. 
1 CP = chisel plow; MP = moldboard plow; RT = ridge-tillage; NT = no-tillage. 
ed water to mix herbicides present in the surface layer of soil 
and carry it preferentially to the top of the water table and 
eventually move it through the tile lines. Since more prefer- 
ential flow can occur under no-till and ridge-till conditions, 
larger herbicide leaching losses were also observed for these 
two tillage systems than with moldboard plow and chisel 
plow systems, although differences were not statistically 
significant. Although ridge-till and no-till systems appear to 
give higher cyanazine and metribuzin losses with rotated 
corn and rotated soybeans, respectively, these differences 
are not statistically different from each other. 
Aerial biomass accumulation for the 5 yr averaged 7.6 
and 7.2 tondacre each year for rotated and continuous corn, 
respectively. Cropping system differences were consistent 
(Table 2), but statistically significant only for 1992. Tillage 
effects were statistically significant in 1991 and 1992 
because ridge-till and no-till both accumulated less aerial 
biomass than the chisel or moldboard plow treatments. The 
cropping system x tillage interaction was not statistically 
significant 
Production differences in aboveground biomass were 
also reflected in grain yields (Table 2), which for 1988 
through 1992 averaged 143 and 126 bdacre for rotated and 
continuous corn, respectively. Except for 1990, corn yield 
was significantly higher when grown in a rotation with soy- 
bean than when grown continuously (Table 2) for all tillage 
practices. Average no-till and ridge-till yields were lower 
than for chisel or moldboard plow treatments, primarily 
because of the poor performance of those treatments under 
the continuous corn. 
Yearly total N accumulation (Table 3) in the aerial bio- 
mass averaged 132 and 129 lb/acre for the rotated and con- 
tinuous corn, respectively. The tillage practice significantly 
affected total N accumulation in 1989 and 1991, and when 
averaged for 5 yr. This occurred because no-till and ridge- 
till treatments had significantly lower biomass and N accu- 
mulation than the other tillage treatments. Crop rotation had 
no significant effect on aerial N accumulation. 
Annual N removal in the grain (not shown) averaged 84 
and 73 Ib/acre, respectively. Traditionally, N use efficiency 
would have been calculated as the ratio of grain N to fertil- 
izer N. In this study, those values ranged fiom 52 to 56%. 
However, ISN studies demonstrate that actual fertilizer N 
recovery by a corn crop ranges from 13 to 33% (Sanchez 
and Blackmer, 1990). Mineralization of N from soil organic 
matter accounts for the remaining 67 to 87% of crop uptake. 
Fertilizer N that was not accounted for by crop uptake was 
presumably added to soil N pools where it was subject to 
immobilization, stabilization, denitrification, or leaching. 
This incorporation into soil N pools emphasizes the impor- 
tance of soil temperature differences due to tillage systems, 
which affect mineralization and may have a greater effect on 
the appearance of nitrate in tile water than the preferential 
flow processes. 
SUMMARY AND CONCLUSIONS 
This study indicates that leaching potential of nitrate N 
and herbicides to shallow groundwater is affected by tillage 
and crop rotation when the loading rate is high and the agri- 
chemical application is uniform. The rapid appearance of 
atrazine, alachlor, cyanazine, and metribuzin at high con- 
centrations in subsurface drainage water, shortly after rain- 
fall, suggests that preferential movement of these herbicides 
occurred in this silty soil overlying loam glacial till. Aerial 
biomass yield, grain yield, and N accumulation measure- 
ments demonstrate that continuous corn grain production is 
not an environmentally sustainable practice for this area. 
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Under these study conditions, continuous corn production
resulted in higher nitrate N leaching into the tile lines, which
led ultimately to surface water or groundwater resources.
Ridge-till and no-till practices appear to preserve a
macropore network better than chisel or moldboard plow-
ing. Use of best chemical placement practices, which we did
not evaluate in this study, may have the potential to correct
some water quality problems associated with agricultural
chemicals. Because no-till in continuous corn production
performed most poorly (in terms of corn yields) in these
studies, alternative practices should be incorporated into at
least a 2-yr corn-soybean rotation to ensure the practices are
both economically viable and environmentally benign.
Economic acceptability of these systems will depend on the
farmers' ability to reduce inputs, and hence costs, relative to
the moldboard and chisel plow systems.
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